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form early in the disease [7, 8] at the margins of fibrillation [9] as a hallmark of OA [10] . These clones express a range of activation and abnormal differentiation markers [7] and sustain the activation of molecular pathways of inflammatory signal transduction [4] . However, research aimed at establishing a unified theory of the initial OA dysfunction was so far not successful [11] . Better recognition and understanding of pre-osteoarthritic disease states will be critical for developing effective strategies for treating and, ultimately, preventing early OA [4, 10] .
Recent advancements identified specific chondrocyte arrangements ("superficial chondrocyte spatial organization"; SCSO) as a significant characteristic of AC architecture [12] . Beneath the intact joint surface, superficial chondrocytes are arranged in four basic spatial patterns: strings, clusters, pairs and single cells [13] . Each joint surface is dominated by one of those patterns [13] . The resulting SCSO display high levels of complexity [14] and are species-, joint type-and surface-specific [12] , much like biological fingerprints. Changes in the SCSO specifically associated with early OA can be utilized for early preclinical disease detection [12, 15] , emphasizing the importance of this architectural characteristic. However, despite this knowledge [12] [13] [14] [15] [16] , little is known about the dynamic nature of the SCSO. Here, we asked whether the SCSO is congenital, stable or dynamic throughout life. First, we created a SCSO model that summarizes the lifetime of a hypothetical human individual, based on arranging specific stages into a sequential order. We based the fetal sequence of specific stages on the week of gestation and the adult OArelated sequence on the hypothesis that chondrocyte proliferation is a major mechanism capable of inducing SCSO changes. The rationale was that proliferation occurs transiently in early OA and is responsible for chondrocyte clone formation [7, 8] . We aimed to recapitulate OA-related changes in the SCSO in vitro by inducing proliferation specifically within early OA cartilage (identified using SCSO characteristics aberrant from healthy tissues as an indicator for early OA) [12] . The successful recapitulation of OA-related changes in the SCSO would confirm our main hypothesis and also the soundness of our lifetimesummarizing model. Additionally, re-creating SCSO impairment in vitro would introduce the opportunity to study relevant aspects of early OA progression over time and in the sense of a novel in vitro methodology. Finally, SCSO changes may potentially affect the structural vicinity of the chondrocyte. Thus, we focused on the chondrocyte-surrounding pericellular matrix (PCM), which has protective [17] , regulatory and mechano-transduction functions [18, 19] . Linking early OA SCSO changes to proliferation and PCM impairment would broaden our understanding of basic cartilage biology.
METHODS

Human articular cartilages
Human fetal lower extremities were obtained during medical abortion and human fetal knee joints from still births. Fetal serial cryosections (100µm) were prepared perpendicular to the longitudinal axis of the lower extremity. Condylar cartilage sections were selected. Locationmatched cartilages were obtained from cadaveric condyles of healthy human donors, and of patients diagnosed with clinical OA prior to knee replacement. Each articular surface (AS) was graded with a 5-point scale established by Collins-Muehleman [16] . All tissues were obtained with approval of the local research ethics committee and informed consent (fetal cartilage: 710/2012BO1; intact cartilage: 452/2010BO1; OA: 171/2014BO2). The aim was to obtain comparable numbers of cartilage samples across the conditions analyzed.
Fluorescence-microscopy
Spatial organization-Fetal cartilage cryosections and adult cartilages (uncut joint surface; sample size approx. 1cm 2 ) were stained with propidium iodide (P.I., Sigma) as described [13, 15, 16] , washed with 1% Triton X-100 (Sigma) in phosphate-buffered saline (PBS; PAA) for 5min, stained for 60min with P.I. (10 µg/ml in PBS), and washed for 10min with Tris-buffered saline (0.1M Tris, 0.15M NaCl, pH 7.5). All samples were viewed in a top-down view onto the articular surface. Z-stacks were digitally recorded (Zeiss LSM510, AxioVison4.8, 1µm slice distance, 1388×1040px) with ApoTome starting beneath the surface when chondrocytes first came into focus and stopping when the P.I. signal intensity was too low for capture. The top-most chondrocytes were further analyzed. Color-coded local cell density maps were calculated [15] .
PCM-Serial cryosections (50 µm) of the adult superficial zone were prepared parallel to the condylar surface (n=6 patients; 66-74 years), washed in PBS, fixed with 4% paraformaldehyde (Merck), incubated with primary monoclonal antibodies (goat antiCollagen6A3, Santa Cruz. 1:50 dilution) overnight, washed, and incubated with secondary antibody (donkey anti-goat FITC-conjugated, Santa Cruz, 1:100 dilution). Chondrocyte nuclei were stained with DAPI (Sigma). PCM was visualized in a top-down view onto the AS as described [13, 15, 16] (LSM510). Negative controls were incubated with COL6A3 blocking peptide (Santa Cruz, 1:50 dilution) prior to anti-COL6A3 antibody incubation or without primary antibodies.
Distinct stages & model of the spatial organization
Chondrocyte groups were defined as chondrocytes in proximity of each other forming distinct spatial patterns [13] . The recorded z-stacks were visually classified according to their dominant pattern of SCSO such as chondrocyte strings, clusters, pairs or single chondrocytes, as observed in intact cartilage [13] , chondrocyte double strings as observed in the macroscopically intact cartilage of joints with focal OA [16] , and the absence of any discernible organization based on randomly aggregating cells within OA-lesions, termed "diffuse" arrangement [15] . For fetal cartilages, the sequential order of the spatial stages was determined by the week of gestation. For adult cartilages, the number of cells per chondrocyte group was determined for randomly chosen chondrocyte groups from all images that represented the adult spatial stages (e.g. the number of chondrocytes per string was determined for images classified as string stages). The adult spatial stages were sequentially ordered by an increasing average cell number per group. This sorting approach from smaller to larger cell numbers per chondrocyte group was based on the below tested and confirmed hypothesis that chondrocyte proliferation is the mechanism of SCSO changes. Recorded z-stacks were also used for calculating the 3D-Cartesian coordinates of the chondrocyte nuclei (AxioVision4-Module 3D-measurement). Based on these coordinates, the Clark-Evans-Aggregation-Index (R) was calculated to assess whether the spatial cellular arrangement was random, homogeneous or grouped, as described [13, 15, 16] .
Gene transfer of plasmids and rAAV vectors
Chondrocyte proliferation was induced specifically in early OA cartilage, represented by explants containing chondrocyte double strings confirmed for selected samples [16] . Samples were taken from the macroscopically most intact areas of the condylar joint surface of patients undergoing knee joint replacement (n=6 patients; 45-76 years). Chondrocyte transduction used rAAV-hFGF-2 and rAAV-RFP as a control. rAAV-hFGF-2 carries a 480-bp hFGF-2 cDNA fragment [20] that was cloned in rAAV-lacZ in place of lacZ [21] . rAAVlacZ is an AAV-2-based plasmid carrying the lacZ gene encoding beta-galactosidase (b-gal) under control of the cytomegalovirus immediate-early (CMV-IE) promoter [22] . rAAV-RFP carries a Discosoma sp. red fluorescent protein (RFP) cDNA (776 bp) [23] . rAAV vectors were packaged as single-stranded elements using Adenovirus 5 to provide helper functions in combination with pAd8 [21, 22] . pAd8 contains AAV-2 replication and encapsidation functions [24] . Vector preparations were purified by dialysis and titrated by RT-PCR (1010 functional units/ml). The vectors were provided to the cartilage disks based on concentrations previously tested [22] . Disks were transduced (20 or 50 µl) or co-transduced (20 µl each vector) by direct rAAV application to the surface for 2 days [21, 22] . Efficacy of the rAAV-mediated gene transfer in situ was monitored by detecting either β-gal activities based on rAAV-lacZ gene transfer (X-Gal staining and evaluation of the % stained cells under light microscopy) or live fluorescence based on rAAV-RFP gene transfer (evaluation of % fluorescent cells under confocal microscopy) [21] [22] [23] . The samples were incubated for 28 days. Subsequently, SCSO and cell numbers were further analyzed.
Multiphoton-induced autofluorescence and second-harmonic-generation (SHG) imaging
Multiphoton-induced autofluorescence was used to localize fetal chondrocytes within the cryosections and adult strings and clusters within the joint surface of non-processed, live cartilage samples (n=3 patients; 65-73 years). The chondrocyte PCM was analyzed by SHG imaging [25] . Micro-fibrillar collagen components of the PCM were non-destructively analyzed at two different laser excitation wavelengths. Exposure to laser pulses at 740nm revealed autofluorescent chondrocytes, whereas imaging of the same intra-tissue regions at 840nm revealed fibrous collagen structures. Due to femtosecond laser-induced SHG processes, emitted blue light at a peak emission wavelength of 420nm served as a quantitative measure of the micro-fibrillar collagen PCM content. SHG radiation was achieved using a filter FB420-10 (Thorlabs) in front of the detector. A 700nm short-passfilter (E700SP, Chroma Technology) prevented scattered laser radiation blocking UV radiation (transmission range: 390-700nm). To quantify the intrinsic fluorescence signals of collagenous structures, lambda stacks were ascertained at emission wavelengths of 390-490nm (in 10nm increments) using Chameleon laser (Coherent Laser Group) tuned to an 840nm excitation wavelength. Emission was collected using the Zeiss META detector of the LSM 510 Meta NLO system (Carl Zeiss MicroImaging). The scans were acquired with a scan time of 2.561s/pixel, eight times summarization to enhance the signal, in plane multi track 8-bit lambda mode, and analyzed by AIM3.2 software (Zeiss). SHG signal intensities were reflected by the grey values of all pixels and were comparable across all images due to Felka et al.
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a reproducible laser excitation power and similar exposure times. The mean gray value intensities were calculated to represent the micro-fibrillar collagen intensity.
Scanning electron microscopy (SEM)
Condylar cartilage samples were fixed in 3% glutaraldehyde/PBS overnight, fixed for 60min with 2% osmium (OSO 4 ; Pasel und Lorei GmbH), dehydrated in ethanol, dried (Balzers, Critical point dryer 030), mounted, sputter coated with gold (Ion Tech LTD), and digitally recorded (Phillips XL20SE microscope).
Statistical analyses
All data are presented as mean±95% confidence intervals. Calculations were performed with Microsoft Excel2010 and SigmaPlot-11.0.0.77 (Systat). Data were analyzed for normality (Kolmogorov-Smirnov-test). Normally distributed data were subjected to the Student's ttest; non-normal data to the Mann-Whitney-Rank-Sum-Test. More than two groups were compared using ANOVA and post-hoc tests. Differences were considered statistically significant at p<0.05.
RESULTS
SCSO model
Location-matched cartilages of 4 adult donors (ages 43-64 years; gender ratio: 1:1, Collins grade: 0) and 6 OA patients (ages 60-75 years, gender ratio: 1:1; Collins grade: 3) were included. Fetal cartilage availability was limited. Tissues from the 8th (n=3) and the 21st, 33rd, 39th, and 40th weeks of gestation (n=1 each) were included. Chondrocytes illustrated a range of different cellular arrangements. Each image was classified according to its predominant spatial pattern. To organize these classified arrangements into one sequence, the fetal stages were arranged based on an increasing week of gestation, and the adult stages were arranged based on an increasing number of chondrocytes per cell group . A small image subset was characterized by low cellularity and absent organization, and the number of cells per chondrocyte group could not be determined due to the absence of cell groups. These images were classified as end-stage OA because hypocellularity is a criterion of a high Mankin score and end-stage OA is associated with loss of organization [12] . To illustrate the resulting sequence of the specific stages of SCSO, representative stages were assembled into a model ( Fig. 1) , which summarized the changes that occur during the lifetime of a hypothetical individual. Only the spatial stages illustrated in Fig. 1 were observed.
The model revealed that at weeks 8-39 of gestation, fetal chondrocytes showed no specific organization or cell groups typical for adult chondrocytes. At week 40, chondrocytes were situated in groups that begun to resemble the typical adult string pattern. The peak of organization were chondrocyte strings, typical for healthy cartilage as demonstrated [13] . With OA onset, chondrocytes were predominantly arranged in double strings. With increasing chondrocyte numbers per cell group, double strings were surpassed by small and 
Recapitulating loss of spatial organization within cartilage
To recapitulate SCSO loss in OA, and to experimentally test our proliferation hypothesis, proliferation was induced by FGF-2-transduction specifically in string and double string chondrocytes of early OA cartilage. In controls, 28 days after rAAV-RFP-transduction, the SCSO remained as strings and double strings ( Fig. 2A) . However, those were not recognizable in rAAV-FGF-2-transduced cartilages, where the organization was severely altered (Fig. 2B) , comparable to the diffuse model stage (Fig. 1) . In rAAV-FGF-2 explants, chondrocyte numbers were 2.13-fold higher vs. controls (FGF-2: 664±100 chondrocytes/ 900×650µm 2 joint surface, RFP: 287±81, p<0.05) demonstrating proliferation. Proliferation led to a significantly increased local cell density within the AS( Fig. 2A,B ) and an increased chondrocyte number per normalized area (Fig. 2D) . Thus, starting specifically with early OA cartilage, the cellular organization transitioned from strings/double strings into a diffuse arrangement lacking any discernable organization. Effectively, we have recapitulated SCSO loss, suggesting that chondrocyte proliferation may be a mechanism responsible for OAassociated SCSO changes.
Impairment of the PCM structure
The fluorescent collagen type VI (CollVI) signal, a major PCM component, beneath the ASwas low within fetal surfaces, but strong in adult intact surfaces (Fig. 3) . OA-joint surfaces with chondrocyte clusters contained little or no detectable CollVI. Areas without discernible organization were characterized by signal absence (Fig. 3) . Using multiphotoninduced autofluorescence microscopy, we localized fetal and adult chondrocytes of interest (Fig. 4A) . Performing SHG microscopy on these groups (Fig. 4B) , the micro-fibrillar collagen intensity of fetal cartilage was near zero and significantly lower than that of the PCM surrounding chondrocyte strings (4.7±0.8 vs. 156.7±12.4, p<0.001, Fig. 4C ). Compared to string chondrocytes, clusters had a 0.48-fold lower collagen intensity (74.9±6.7, p<0.001, Fig. 4C ). Thus, fetal chondrocytes were not surrounded by a collagenous PCM. The intact adult PCM was characterized by the abundant presence of micro-fibrillar collagens whereas the PCM surrounding OA-chondrocyte clusters was structurally compromised in its micro-fibrillar collagen content. Additionally, we recorded individual chondrocytes exiting or being released from the PCM using immunofluorescence microscopy ( Fig. 5A) . In support of these observations, SHG signals revealed clearly demarcated PCM perforations with a low micro-fibrillar collagen intensity (18.0±3.1) compared to intact parts of the same PCM (104.2±5.4, p<0.001, Fig. 5B, C) . SEM of the PCM of the topmost chondrocytes revealed ex vivo a network of interwoven fibers surrounding chondrocyte strings. This network was less apparent around clustered chondrocytes. The cell-matrix interface was irregularly shaped and broken up, suggesting a structurally compromised, partially absent PCM of clustered chondrocytes (Fig. 6A) . Thus, our data collectively suggested that chondrocytes undergoing loss of SCSO beneath the joint surface were surrounded by a structurally impaired PCM, including an absence of the major PCM component CollVI in diffusely arranged chondrocytes, a significant decrease of microfibrillar collagens, and an irregularly shaped, broken up cell-matrix interface. Individual chondrocytes exiting or being released from their PCM appeared to be related to this impairment through clearly demarcated PCM perforations with low micro-fibrillar collagen intensity.
Recapitulating OA-associated structural PCM impairment within cartilage
We performed SEM on cartilage explants, in which SCSO loss was successfully recapitulated through induced proliferation. 28 days after FGF-2 transduction, SEM revealed an irregularly shaped, broken up, and partially absent PCM (Fig. 6B) . In controls, which had maintained their SCSO, chondrocyte strings were surrounded by an intact PCM. Thus, induced proliferation correlated with an impaired structural integrity of the PCM, in addition to SCSO loss (demonstrated above). Hence, the processes of PCM impairment and SCSO loss were intertwined.
Quantitative analyses of the distinct stages of the spatial organization
The Clark-Evans-Aggregation-Index as a quantitative parameter of spatial organization was R>1 in almost all fetal stages and R<1 in all adult stages (Fig. 7) . When comparing the R values of all fetal vs. all adult stages, all comparisons were significant (p<0.001). Moreover, multiple significant differences were found between the fetal stages; all adult stages were significantly different from one another (p<0.001) except strings and double strings. Thus, the level of grouping was significantly different for the organizational stages illustrated in Fig. 1 , which, in turn, validated the spatial distinctness of these stages.
DISCUSSION
Whereas many anisotropic characteristics of AC are known [26] , the SCSO in terms of the chondrocyte distribution beneath the AS is a 'novel' architectural characteristic of the tissue. Taking a broad approach, this study created the first model of human SCSO. Summarizing the changes during the lifetime of a hypothetical individual, our model revealed that the SCSO is neither congenital nor stable and that it undergoes complete destruction in OA. Thus, it revealed a surprisingly dynamic nature. We tested our model, which was based on assuming proliferation of OA-chondrocytes, by inducing proliferation specifically within early OA cartilage and monitoring the SCSO. We successfully recapitulated the destruction of SCSO ex vivo within the tissue, which confirmed our hypothesis and, thus, the soundness of our model. Quantitative analyses of the level of cellular grouping and statistical analyses unraveled significant differences between the reported organizational stages, which, in turn, validated the spatial distinctness of these stages. We demonstrated that the SCSO underwent destruction together with the chondrocyte-surrounding PCM. PCM destruction was detectable in ex vivo cartilages with severely impaired SCSO and, importantly, also in samples in which induced proliferation had intentionally destroyed the SCSO. Effectively, this established a novel in vitro methodology for studying SCSO and PCM destruction together over time, and within live tissue. Using this novel methodology, we clearly 
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This study uncovered that the distinct SCSO and the PCM of human superficial chondrocytes are not congenital. It is important to mention that extensive and controlled data is available from animal models such as the rabbit and cow. The anisotropic adult AC evolves from an immature isotropic architecture by a synchronized postnatal process of tissue resorption and neoformation [27] . Maturational processes result in substantial differences between the superficial cell organizations of fetal, calf, and adult bovine cartilages [28, 29] , and the most prominent changes in collagen architecture occur during postnatal development [30] . Differences between weight-bearing vs. non-weight-bearing areas of rabbit cartilage also exist, suggesting loading effects on the maturing cartilage architecture [31] . Thus, maturational changes in the SCSO described in Fig. 1 complement data derived from rabbit and cow models.
Research aimed at establishing a unified theory of the initial OA dysfunction so far was not successful [11] . However, next to others, proliferation is a well-established factor of OApathogenesis which occurs early in OA [7, 8] . The growth factor FGF-2 induces proliferation in intact and OA cartilage [32] and interacts [33, 34] with the three proliferation-associated signaling pathways of major importance in OA: Indian hedgehog, parathyroid hormonerelated protein, and Wnt [35] [36] [37] . Thus, we chose FGF-2 as the obvious proliferationinducing candidate and selected cartilage explants specifically containing strings and double strings as an image-based biomarker of early OA-affected organization [12, 16] . The here used method for visually classifying the organizational stage of chondrocyte groups was established previously [12, 16] but additional quantitative analyses and also a higher sample number would be helpful to confirm the presented results and their interpretation. FGF-2-induced proliferation led to SCSO loss, but none of these changes were visible in the controls. This demonstrated that proliferation was an underlying mechanism causing the induced SCSO loss and is possibly a mechanism responsible for in situ SCSO loss in OA. One should mention the possibility that the OA-related changes in SCSO reported for ex vivo cartilage could be due to cartilage erosion, exposing cell groupings that are typical of deeper zones. However, in vitro the FGF-2-induced SCSO loss was not associated with macroscopically apparent erosion. Previous studies have examined FGF-2 effects on chondrocytes, indicating age-dependent effects of cell proliferation and interactions with other growth factors [38, 39] . In calf cartilage, low-dose FGF-2 (3ng/ml) induced increased DNA content but higher concentrations did not. Here we used approximately 10pg/ml FGF-2, which was determined in [32] . Our study's proliferation-inducing FGF-2 concentration was well below the higher concentrations associated with proliferation inhibition [39] . Thus, no fundamental differences between FGF-2 protein application, used in [39] , vs. transduction used here, were noted. Of course, such a comparison is difficult because the FGF-2 protein half-life is several hours [40] whereas FGF-2 can be expressed for at least 3 weeks via transduction [32] . Overall, this study is consistent with and builds upon the older studies, which did not examine cell organization. Moreover, our concentration was below 60pg/ml, the value measured in OA synovial fluid [41] ; it is highly unlikely that the here reported events were based on non-physiogically high FGF-2 levels.
FGF-2 can emanate from the synovial fluid [42] and also from PCM damage [43] . Therefore, in situ FGF-2-mediated SCSO loss could originate from outside or inside the AC compartment and would theoretically interconnect cartilage pathology with other joint tissues, much in the sense of OA as a whole-organ-disease. Proliferation was mediated through FGF-2. Speculatively, other OA-relevant proliferation-inducing pathways would also lead to SCSO loss. However, there is yet no evidence.
Proliferation not only induced SCSO loss, it also affected the structural integrity of the PCM beneath the joint surface. This has important implications: the PCM consists of CollVI [44] and other components [45] , which together with the enclosed cell form the "chondron" [46] , a metabolic unit of AC [46] , which acts as a mechano-sensitive cell-matrix interface [18, 19] , protects the chondrocyte [17] , and modulates its biosynthetic response [47] . In OA, changes in the chondron-related CollVI and proteoglycan distribution are followed by chondrocyte proliferation, pericellular microenvironment expansion, structural disruption, and chondrocyte clustering [48, 49] . Those changes affect the biomechanical signals perceived by the chondrocytes [18] , explaining how PCM damage may contribute to OA-pathology. Here, we demonstrated that PCM changes were already detectable in double string chondrocytes prior to the cluster stage, and, thus, very early in OA. Structural disruption appeared to be associated with individual chondrocytes exiting or being released from their PCM, which we recorded using immuno-, auto-fluorescence and SHG-microscopy. The latter is a method for quantifying the intensity of micro-fibrillar collagens such as type I, II, III, V, XI. Thus, the documented PCM perforations affected some or all of those micro-fibrillar collagens. Using CollVI as immuno-marker, we demonstrated disintegration of the CollVI component around chondrocytes, which were diffusely arranged and had lost their SCSO. To the best of our knowledge, this extent of structural disintegration of the PCM has not been reported previously and is clearly relevant for OA-pathogenesis. First, CollVI contributes to chondrocyte survival by preventing apoptosis [17] . Secondly, an intact PCM prevents chondrocyte exposure to collagen type II fibrils. This keeps the discoidin domain receptor (DDR2) in a non-activated state and prevents metalloproteinase-13 enzyme and receptor expression [50] . Collectively, the here reported intertwined events of SCSO loss and PCM disintegration have the potential to affect chondrocyte survival, function, and phenotype. Further investigations of these important interactions will likely benefit from our novel in vitro methodology. This methodology consists of a) using spatially characterized cartilage explants and b) of induced chondrocyte proliferation in those explants, which replicates the process of loss of SCSO and PCM disintegration in vitro. Two potential applications come to mind. Given the well-known heterogeneity of OA chondrocytes, one could use cartilage explants with a defined SCSO that is stage-specific and, thus, standardized. Additionally, one could study the molecular, cellular, and structural aspects related to SCSO loss and PCM disintegration in vitro and test the effects of newly developed disease modifying OA drugs (DMOADs) on this induced advanced OA-like phenotype. The ability to induce a structural phenotype of human cartilage that is similar to advanced OA is novel and potentially of great significance and utility. Representative images of propidium-iodide-stained chondrocyte nuclei in a top-down view onto the ASof human knee joint condyles (A) and selected patterns of spatial organization at a higher magnification (B) depict the sequence of typical stages of spatial organization that summarizes the lifetime of a hypothetical individual (C). The early fetal organization (gestational weeks 8-33) depicted no distinct organization. First precursors of the adult organization were visible at gestational week 40. In healthy adult cartilage, the spatial organization reached its peak with chondrocyte strings dominating the surface. In sequential order, OA-affected cartilages contained double strings, small and larger clusters, and the complete loss of any recognizable organization termed "diffuse". with a relative increase in the local cell density over control surfaces, depicted as colorcoded local cell density maps (A,B). Pre-transduced articular surfaces containing string and double string chondrocytes and representative chondrocyte groups 4 weeks after transduction with rAAV-RFP or rAAV-hFGF-2 are depicted in (C). rAAV-hFGF-2-transduced samples contained higher chondrocyte numbers over controls (D; p<0.05), indicating that FGF-2 transduction had induced proliferation. Number of patient knee joints, patients, and individually performed experiments: n=6. Normality was tested with the Kolmogorov-Smirnov-Test, which indicated not normally distributed data. Statistical differences were determined by the Mann-Whitney-Rank-Sum-Test. Differences were considered statistically significant at p<0.05. Multiphoton-induced autofluorescence (AF) was used to localize chondrocytes of interest beneath the articular joint surface of cartilage explants from the knee joint condyles (A). SHG microscopy (B) revealed that micro-fibrillar collagen components of the PCM were not detectable around fetal chondrocytes (W8: week 8), present around adult string chondrocytes, and that little micro-fibrillar collagen components were detectable in the PCM of adult cluster chondrocytes representing a spatial stage within OA tissue. SHG quantification of micro-fibrillar collagens (C) was performed at locations indicated with + in B. The resulting micro-fibrillar collagen intensity (C) revealed significant differences in the intensities between fetal, string, and cluster chondrocytes. These are marked with * and black lines. Number of knee joints for samples for SHG quantification: n=3 (fetal), n=3 (adult). Normality was tested with the Kolmogorov-Smirnov-Test, which indicated not normally distributed data. Statistical differences were determined by the Kruskal-Wallis One Way Analysis of Variance on Ranks. The contrasts between the different micro-fibrillar collagen intensities were tested with the post hoc Tukey Test. Differences were considered statistically significant at p<0.05. Depicted are fluorescence microscopy images of DAPI-stained chondrocyte nuclei (blue) and the collagen type VI (green) stained PCM (A). Individual chondrocytes are localized within gaps of the PCM or are clearly localized outside the PCM boundary, indicating that chondrocytes are exiting or being released from their PCM. Using AF, such PCM perforations were clearly visible (B). SHG quantification of micro-fibrillar collagens (C) was performed at locations representative for intact appearing PCM areas indicated with + (light blue) in B and at locations representative for perforated PCM areas indicated with + (dark pink) in B. Quantitative SHG revealed that distinct perforations were characterized by a significantly lower micro-fibrillar collagen intensity than intact areas of the same PCM (C). Number of knee joints for fluorescence microscopy: n=5, number of knee joints for SHG quantification: n=3. Normality was confirmed with the Kolmogorov-Smirnov-Test. Statistical differences were determined by the Student t-test. Differences were considered statistically significant at p<0.05. Depicted are representative SEM images of adult chondrocyte strings and OA-associated clusters in an overview and their PCM at higher magnification (A). These images illustrate a PCM network of interwoven fibers around chondrocytes arranged in strings, whereas this PCM network was less apparent around clustered chondrocytes. In those, the cell-matrix interface was irregularly shaped and broken up. In B, SEM images depict chondrocytes 28 days after they were subjected to transduction with FGF-2 to induce proliferation or with RFP as controls. The PCM fiber network was intact in control samples but was absent around FGF-2-transduced chondrocytes, which had proliferated and lost their spatial organization. Those chondrocytes were surrounded by a broken-up, deformed cell matrix interface. Scale bar, 20µm (left images, top and bottom row). Scale bar, 2µm (all other images). Number of knee joints: n=4 (ex vivo), n=3 (in vitro). Depicted are the values for the Aggregation-Index (R), which is calculated from the distance of each chondrocyte to its nearest neighbor. Briefly, R<1 describes a grouped organization, R>1 a homogeneous organization, and R=1 a random organization, indicated with a grey reference line at y=1.0. When statistically comparing each group with all other groups using the Holm-Sidak post-hoc test, 29 pairwise comparisons of the 36 possible comparisons were significant. 7 pairwise comparisons did not reach significance and are indicated with small letters, e. g. "a" indicates that the comparison between "Week 8" and "Week 21" was not significant whereas all other comparisons of "Week 8" with "Weeks 21-40" and with the "Adult Organization" were significant. Generally, the fetal spatial organization except Osteoarthritis Cartilage. Author manuscript; available in PMC 2017 July 01.
"Week 40" was characterized by a homogeneous organization whereas the R values of the adult organization were significantly different, indicating cellular grouping. The organizational pattern of strings typical for healthy cartilage was significantly different from the grouping of clustered and diffusely arranged chondrocytes typical for OA. Moreover, the organizational pattern of double strings as marker of early OA-affected organization was significantly different from the later stages of OA organization.
